To determine the maximum tolerated dose (MTD), safety, potential pharmacokinetic (PK) interactions, and effect on liver histology of trabectedin in combination with pegylated liposomal doxorubicin (PLD) for advanced malignancies.
Both generally resolve by day 15 of a 21-day cycle. The incidence of transaminitis diminishes in subsequent cycles [15, 16, [18] [19] [20] [21] [22] [23] [24] [25] [26] .
Trabectedin has been studied in combination with doxorubicin in preclinical studies, displaying synergistic cytotoxicity in doxorubicin-resistant fibrosarcoma cell lines [27, 28] . On the basis of these promising results, a phase I trial combining pegylated liposomal doxorubicin (PLD; DoxilÒ/ CaelyxÒ) with trabectedin in patients with advanced malignancies was carried out.
patients and methods study population
Eligibility criteria included the ability to provide informed consent, patient age ‡18, and histologically documented cancer either refractory to standard therapy or appropriate for treatment with an anthracycline. Eastern Cooperative Oncology Group (ECOG) performance status of zero or one, normal liver and renal function, and normal cardiac function as determined by a left ventricular ejection fraction (LVEF) >50% without history of signs and symptoms of cardiac disease were required. All patients with reproductive potential had to agree to practice adequate contraception. Exclusion criteria included prior exposure to trabectedin, prior anthracycline exposure ‡250 mg/m 2 , hypersensitivity to dexamethasone, peripheral neuropathy ‡grade 2, or known central nervous system metastasis.
study design
This was a phase I, open-label, dose-finding study conducted at Fox Chase Cancer Center. On day 1 of each 3-week cycle, 30 mg/m 2 of PLD was administered i.v. over 1 h via a central venous catheter. Immediately after completion of the PLD infusion, trabectedin was administered i.v. over 3 h at one of six doses: 0.4, 0.6, 0.75, 0.9, 1.1, and 1.3 mg/m 2 repeated every 21 days. To ameliorate the hepatocellular effects of trabectedin, all patients were pretreated with 4 mg of dexamethasone orally the day before initiating therapy and on days 2 and 3 of each cycle. A 20-mg i.v. dose of dexamethasone was given 1 h before the start of PLD therapy.
No increases in the dose of trabectedin or PLD were permitted within a cohort. Dose reductions were required for grades 3 and 4 hematologic and non-hematologic toxicity, including nausea/vomiting, despite adequate antiemetic therapy, transaminase elevations lasting >7 days, or hand-foot syndrome (HFS). Any grade of elevated alkaline phosphatase of nonosseous origin or elevated total bilirubin also resulted in dose reductions. PLD therapy was discontinued if LVEF fell to <45% or decreased by ‡20% from baseline. If PLD was discontinued, patients could remain on trabectedin alone at the current maximum tolerated dose (MTD) in the study. Patients were treated until evidence of progressive disease (PD), intolerable toxicity, or up to two cycles beyond documentation of a complete response (CR). Tumor assessments by response evaluation criteria in solid tumors were carried out at baseline (screening visit) and after every two cycles of treatment [29] .
Toxic effects were graded according to the National Cancer Institute Common Toxicity Criteria v2.0 [30] . DLT was defined as the following during cycle 1: an absolute neutrophil count <500/ll for >5 days or with fever or sepsis; platelet count <25 000/ll; any grade 3 or 4 non-hematologic toxicity (except for nausea/vomiting despite appropriate antiemetic treatment or grade 3 transaminase elevations lasting <1 week); or a delay of therapy for >3 weeks. Prophylactic use of granulocyte growth factor support was not permitted during the first cycle but could be used in cycle 2 and subsequent cycles according to institutional and American Society of Clinical Oncology guidelines.
Liver biopsies in selected patients were obtained after informed consent before and following study treatment.
pharmacokinetics Pharmacokinetic (PK) analyses were carried out on all patients who received at least one dose of trabectedin (or PLD) and had PK samples collected. Full concentration-time profiles of trabectedin in plasma were obtained at predetermined times during the infusion and up to 165 h after the end of the trabectedin infusion following administration on day 1 of cycle 1. Noncompartmental PK parameters of trabectedin were calculated (WinNonlin, Version 4.0.1a). A sparse sampling procedure was used during cycles 1, 2, and 3 to characterize the PKs of total encapsulated plus free doxorubicin in plasma. Samples were collected during the three cycles at the following times: before the start of the i.v. infusion, 10 min before the end of the 1-h i.v. infusion, and 2.83 and 168 h after the end of the infusion. Population PK analyses on total doxorubicin concentrations were carried out using NONMEM V level 1.1 (GloboMax, Hanover, MD).
statistical methods
Each cohort enrolled a minimum of three patients. If DLT was not encountered in the first three patients during cycle 1, the next cohort was allowed to enroll patients. If one of first three patients experienced DLT, an additional three patients were treated at that dose before further dose escalation could occur. If two or more patients experienced DLT at a dose level during cycle 1, dose escalation was terminated establishing the MTD at the previous dose level. After the MTD was established, an additional 15 patients were enrolled and treated at that dose level to confirm the MTD and collect additional safety information.
Descriptive statistics are presented for safety and are on the basis of all patients who received at least one dose of trabectedin.
results patient population
Thirty-six patients were assessable for safety and efficacy. The distribution of patients across cohorts was 0.4 mg/m 2 (n = 3), 0.6 mg/m 2 (n = 3), 0.75 mg/m 2 (n = 3), 0.9 mg/m 2 (n = 3), 1.1 mg/m 2 (n = 18), and 1.3 mg/m 2 (n = 6). There were slightly more women than men (61% versus 39%), with the age of patients ranging from 20 to 78 years (median 54.5). The majority of patients (64%) had an ECOG performance status of one and most had received prior systemic chemotherapy (75%), with a median of three regimens, surgery (89%), and/or radiotherapy (53%) ( The median duration of treatment for trabectedin was 13.5 weeks (range 3-114), and the median number of cycles was 4.0 (range 1-36) across all cohorts and was highest for the 1.3-mg/m 2 group (12.5 cycles, range 2-23). The overall median dose intensity for trabectedin was 0.92 mg/m 2 per 3 weeks (range 0.4-1.2), with the 1.1-and 1.3-mg/m 2 cohorts exhibiting median dose intensities of 0.98 and 0.94 mg/m 2 per 3 weeks, respectively. The median cumulative dose for trabectedin was 3.5 mg/m 2 (range 1.1-24.2) and for PLD was 119.7 mg/m 2 (range 30-720).
toxic effects
The MTD of trabectedin was 1.1 mg/m 2 . DLT occurred in two patients in the 1.3-mg/m 2 cohort during cycle 1, consisting of grade 3 or 4 transaminase elevations lasting >7 days [elevated ALT (alanine aminotransferase), n = 2; elevated aspartate aminotransferase (AST), n = 1]. The most frequently reported drug-related adverse events (AEs) during the study were nausea [75% (27 of 36)], fatigue [64% (23 of 36)], and vomiting [53% (19 of 36)] ( Table 2) . A total of 20 (56%) patients had at least one grade 3 or 4 treatment-related AE ( Table 2 ). The most frequent grade 3/4 drug-related events were ALT elevations [31% (11 of 36)] and hematologic AEs [36% (13 of 36)]. Transaminase elevations resolved without specific intervention and were successfully managed with dose reductions. No patient had therapy discontinued due to hematologic or hepatic toxicity. Two (6%) patients, both in the 1.1-mg/m 2 cohort, discontinued study treatment as a result of an AE (drug-related HFS at cycle 6 and nondrug-related intracranial hemorrhage at cycle 1). Two cases of grade 3 nausea occurred (one each at trabectedin dose levels of 0.6 and 1.1 mg/m 2 ).
Fifteen patients (two with previous anthracycline treatment) achieved a cumulative anthracycline dose of 300 mg/m 2 while on study and had repeat multiple gated acquisition scans or 2-D echocardiograms. Six of these patients had evidence of asymptomatic decreased cardiac ejection fraction (LVEF reduction ‡20% versus baseline). Only one of these six patients had received a prior anthracycline-based regimen, although all six had a cumulative exposure to anthracyclines of ‡300 mg/m 2 (range 365-690 mg/m 2 ) when noted to have a change in the LVEF. Per study protocol, PLD treatment was discontinued in five of six patients and each continued to receive trabectedin as a single agent; in the remaining patient, the decreased LVEF value was noted at the termination of treatment. Three patients had an improvement in LVEF after discontinuation of PLD; in the other three patients, no later LVEF measurements were available as the patients had discontinued all study evaluations. One patient was diagnosed with mild myelodysplasia and pancytopenia after discontinuing therapy for PD (after 36 total Including head and neck (n = 2), pancreatic (n = 2), bladder (n = 1), breast (n = 1), gastric (n = 1), non-small-cell lung cancer (n = 1), small-cell lung cancer (n = 1) and other (not specified; n = 7). ECOG, Eastern Cooperative Oncology Group; PS, performance status. 
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Annals of Oncology cycles of trabectedin, 14 without PLD); bone marrow biopsy revealed absent iron stores without evidence of cytogenetic abnormalities. One patient died within 30 days of therapy from disease progression. Post-treatment liver biopsies were carried out in eight patients, each of whom had elevations in liver function tests during therapy (one patient each experienced maximum grade 1, 3, or 4 transaminitis and five patients had maximum grade 2 transaminitis before biopsy). Four of these patients were receiving ongoing treatment and underwent a single random liver biopsy after cycles 14, 19, 21, and 30. The remaining four patients agreed to pre-and post-treatment biopsies with post-treatment biopsies done 5 days after cycle 2 at the anticipated peak of liver abnormality. Expert independent review of the post-treatment biopsy slides demonstrated that nonalcoholic steatohepatitis (NASH) was present in seven of eight biopsies, ranging in severity from minimal steatosis to moderate steatosis with fibrosis. Of the four patients with biopsies pre-and post-treatment, three patients showed no change in the severity of NASH pre-and post-treatment; in one patient, the pretreatment liver biopsy was normal and the post-treatment biopsy showed minimal steatosis. One patient (without a pretreatment biopsy) who had moderate NASH on a post-treatment biopsy after cycle 21 was morbidly obese. Biopsy results for a representative patient are shown in Figure 1 [31] [32] [33] . Thus, review of the liver biopsies of these eight patients did not demonstrate any evidence of serious or unusual liver abnormalities attributable to study treatment.
PKs data
Plasma concentrations of trabectedin declined in a multiexponential manner upon cessation of the infusion, with a marked and rapid decline initially, followed by a more prolonged distribution phase and terminal half-life (range of mean values 19.6-93 h). The wide range of half-life values may be explained by the ability to estimate more accurately the elimination phase in plasma after administration of higher doses of trabectedin. The mean time to reach peak plasma concentration (C max ) across the dose groups ranged from 1.5 to 2.83 h after the start of the infusion (Table 3, Figure 2 ). PK parameters of trabectedin in the present study were similar to those reported previously when trabectedin was given as a single agent, [14] [15] [16] [17] indicating that the plasma concentrations of trabectedin are not substantially altered when coadministered with PLD.
The PKs of PLD are best described by a one-compartment model with linear elimination for total (liposomal encapsulated and unencapsulated) doxorubicin, with a terminal half-life of 74 h, a clearance of 0.037 l/h, and a volume of distribution of 3.9 l. Between-patient variability for the latter parameters was 45% (coefficient of variation). These are comparable to those reported previously for PLD alone [34] [35] [36] [37] . There was no evidence of a significant interaction between trabectedin and PLD when combined (data not shown).
response data
The overall response rate (ORR) was 16.7% (six of 36), with one CR and five partial responses (PRs) ( Table 4 ). An additional 17 patients had stable disease (SD; 47.2%), with five patients maintaining SD >6 months and nine maintaining SD >4 months. The rate of disease control (CR + PR + SD) was Patients with sarcoma had an ORR of 12.5% (two of 16), with an additional six (37.5%) patients with sarcoma achieving disease stabilization (three with SD >6 months). One patient with primary peritoneal carcinoma had a PR. Two of four patients with ovarian cancer had disease stabilization: one platinum-resistant patient had four cycles of therapy with PD at 3.6 months and one platinum-refractory patient had eight cycles of therapy with PD at 5.7 months. Ten patients enrolled on the study had received prior doxorubicin therapy for management of sarcoma, three in the adjuvant or neo-adjuvant setting and seven for treatment of advanced disease. One patient had SD on doxorubicin containing therapy and all others had PD. Of the these 10 patients, three received prolonged therapy on study (8-34 cycles) one of whom achieved a PR. These three patients had had PD as their best response to prior doxorubicin therapy. The remaining seven patients progressed at their first disease evaluation.
discussion
In this phase I study of patients with advanced solid tumors, the combination of liposomal doxorubicin and trabectedin was generally well tolerated. The most common dose-related AEs reported were transminase elevations, a dose-limiting toxicity, and neutropenia. In this study, hepatic toxicity was manageable within an individual cycle (by day 21) or by a 1-to 2-week cycle delay. In a previous phase I study evaluating the combination of doxorubicin HCl and trabectedin, a high incidence of hematologic toxicity was observed. The MTDs of trabectedin and doxorubicin in that study were 0.7 and 60 mg/m 2 , respectively. In a subsequent study with doxorubicin HCl, granulocyte macrophage-stimulating factor was required in order to combine doxorubicin and trabectedin at 60 and 1.1 mg/m 2 , respectively [37] . The present study demonstrates that equal concentrations of trabectedin can be delivered without the excess hematologic toxicity or the requirement for growth factor support seen in the earlier combination studies. A likely explanation of these observations is that unencapsulated doxorubicin is associated with a greater incidence of hematologic toxicity compared with the PLD formulation [38, 39] .
In general, the AE profile for the combination of PLD and trabectedin was favorable. Trabectedin-associated liver toxic effects were generally predictable, manageable, and self-limited, with no evidence of serious or persistent liver abnormalities on liver biopsy. Discontinuation of therapy from a drug-related AE occurred in only one patient with breast cancer (trabectedin dose, 1.1 mg/m 2 ) who developed grade 2 HFS in cycle 6, likely related to PLD therapy. The HFS resolved after 36 days without the need for additional treatment. Alopecia and stomatitis were uncommon in our patients, even at trabectedin doses of 1.3 mg/m 2 . Although leukopenia is associated with both drugs, none of the patients in this study had to discontinue therapy due to dose-limiting neutropenia. Plasma Concentration of Trabectedin (ng/mL) original article
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There have been no reports of direct cardiotoxicity associated with trabectedin; however, PLD-treated patients can experience dose-dependent cardiotoxicity when the cumulative anthracycline dose exceeds 250 mg/m 2 . In this study, six patients had a diminished cardiac ejection fraction that met protocol-specified criteria (LVEF reduction ‡20% versus baseline) for discontinuation of PLD. The cumulative anthracycline dose in all patients was 119.7 mg/m 2 ; however, in the patients with declines in LVEF, the doses ranged from 365 to 690 mg/m 2 . The two patients with the lowest cumulative anthracycline doses (365 and 400 mg/m 2 ) had prior cardiac histories including hypertension and coronary artery disease and one was an octogenarian. In the remaining patients without a known history of cardiac disease, the cumulative anthracycline dose ranged from 540 to 690 mg/m 2 at the time the decline in LVEF was detected. In three of these patients who remained on single-agent trabectedin, LVEF returned toward baseline. The incidence of cardiac toxicity associated with PLD is somewhat higher than reported in a phase III trial of PLD in metastatic breast cancer [39] . In that study, baseline LVEF and at least one LVEF obtained while on PLD therapy was available in 152 patients with a median cumulative anthracycline dose of 293 mg/m 2 . Cardiac toxicity, defined as a >20% decrease in LVEF from baseline or >10% decrease below the normal range of LVEF, was noted in 10 patients with an additional two patients developing signs and symptoms of congestive heart failure without a decline in LVEF. However, the population studied in the O'Brien et al. [39] study were metastatic breast cancer patients in first-line setting. The incidence of cardiac toxicity in our study was 16%, which may reflect the more intensive monitoring of LVEF in our study compared with the O'Brien et al. study [39] . All our patients were asymptomatic and none developed congestive heart failure. Those who experienced cardiac toxicity at lower cumulative doses did have risk factors associated with increased risk for toxicity including a cardiac history and age >65.
In the current phase I study of advanced or recurrent malignancies, the combination of PLD at a fixed dose with trabectedin at escalating doses demonstrated a clinical benefit (CR + PR + SD) in 64% of patients, with an ORR of 17% and disease stabilization rate of 47% ( Table 4 ). The cancer types were diverse; all patients except those with NSCLC showed a clinical benefit. The PR rate in the sarcoma patient population was 12.5% (two of 16), with disease stabilization in another six patients (37.5%). These response rates are higher than those reported in single-agent phase II studies (4%-10%) of either trabectedin or PLD in a similar patient population, suggesting that there may be a beneficial additive effect when the two drugs are combined [22, 24, 26, 38, 40] . Indeed, three of six patients who previously progressed on doxorubicin had prolonged disease stabilization for 6 or more months, one of whom achieved a PR. Coadministration did not alter the PKs of trabectedin or PLD. The terminal half-life, steady-state volume of distribution, and clearance of both drugs reported in our study are similar to values reported elsewhere [13] [14] [15] [16] [17] [34] [35] [36] .
In conclusion, the known toxic effects of both trabectedin and PLD were observed in this study at the expected rates and intensity, but were manageable at therapeutic doses of both agents. The combination also did not appear to exaggerate the individual toxicity profiles of each agent given separately. There was evidence of clinical benefit in 64% of patients, with an ORR of 16.7% in this pretreated patient population. On the basis of these study results and preclinical data, further studies of this combination are warranted in advanced malignancies such as sarcoma and ovarian cancer. 
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